The goal of this study is development of a novel signal processing and analysis method for detailed investigation of the time-frequency dynamics of brain cortex electrical activity. The idea of our method of electroencephalograms (EEG) analyzing is in that we consider EEG signal as a composition of so-called wave trains. The wave train term is used to denote a signal localized in time, frequency, and space. We consider the wave train as a typical component of EEG, but not as a special kind of EEG signals.
Introduction
The goal of our research is development of a novel signal processing and analysis method for detailed investigation of time-frequency dynamics of brain cortex electrical activity. The idea of our method of analyzing EEG is in that we consider EEG signal as a composition of so-called wave trains. In contract to papers devoted to detecting wave trains of one or two specific types, such as alpha spindles [1] and sleep spindles [2, 3, 4, 5, 6, 7] , we analyze any kind of wave trains in a wide frequency area. The developed method differs from analogous method for detailed analysis of time-frequency dynamics of EEG [8] in that the statistical analysis of samples of wave trains and a new method for visualizing the results of the analysis are proposed. The algorithm used for detecting wave trains also is different. In particular, a new kind of diagrams based on ROC curves was developed to visualize the neurophysiological data (see an example of the diagram in Figure 6 , Section 2).
In physics, a wave train (or a wave packet) is a short "burst" or "envelope" of localized wave action that travels as a unit. In this paper, the wave train term is used to denote a signal localized in time, frequency, and space. We consider the wave train as a typical pattern in EEG signals. Recently we have demonstrated that the number of wave trains in the EEG beta frequency range (12−25 Hz) is significantly decreased in early stage Parkinson's disease patients [9, 10] . In previous paper [11] , a method of visualization of EEG analysis results based on ROC curves was described. Using this method, we have revealed three interesting frequency ranges where differences between a Parkinson's disease patient group and a control group are detected. The first range is 7.5 − 9.5 Hz (approximately the mu frequency band), the second is 10.5 − 13.5 Hz (also the mu frequency band), and the third range is 18 − 24 Hz (approximately the beta-2 frequency band). The presence of the first and second frequency bands gives an evidence for a shift of EEG mu rhythm to the lower frequency areas in Parkinson's disease patients. The third frequency band is a confirmation of the regularity reported in [9] . Note that in [9] another frequency band was investigated (12 − 25 Hz). As a consequence, the numerical characteristics of EEG given in this paper differ slightly from the numerical characteristics considered in the paper [9] . In addition, the frequency ranges of beta-1 and beta-2 were not separated in the paper [9] , but in the course of further research we came to the conclusion that the characteristics of the wave trains in these beta sub-bands should be investigated separately.
The goal of this work is to check whether the regularities in the mu and beta frequency bands are independent ones, that is, the beta wave trains observed in the analysis were not the second harmonics of the mu wave trains. This check is important for understanding the development of neurodegenerative processes and the formation of compensatory neurophysiological mechanisms in Parkinson's disease, since the frequency ranges of mu and beta correspond to the work of different functional systems in the brain [12, 13, 14, 15] ). We have developed a special algorithm that eliminates from the analysis all beta wave trains in EEG signal that were observed simultaneously with the mu wave trains. Analysis of a real experimental data set processed by this algorithm has confirmed that the beta frequency band regularity is separate from the mu frequency band regularity. Furthermore, a new significant difference between the left hand tremor and right hand tremor Parkinson's disease patients was discovered.
A Problem Statement
Let M be a local maximum in a wavelet spectrogram (see Figure 1) . We estimate the full width at half maximum (FWHM) of M in the time plane FWHM T IME and in the frequency plane FWHM FREQUENCY . Then we check whether there are no values in the rectangle area FWHM T IME × FWHM FREQUENCY that are bigger than the M value (see Figure 2 ). We consider M as a case of a wave train if FWHM T IME of M is greater or equal to the T D threshold (see Figure 1 ). The T D threshold is a function of the frequency f of the maximum M:
where N P is a constant given by an expert. In this paper, we apply the value: N P = 2. An example of wave trains in the time-frequency domain in a PD patient is shown in Figure 3 . The figure demonstrates the wave trains in the background EEG in the right hand tremor patient, the C3 cortex area. Each circle indicates a wave train in the wavelet spectrogram. It is obvious that most wave trains are located in the mu frequency band (8 − 12 Hz). In addition, there are wave trains in the delta (1 − 4 Hz), theta (4 − 8 Hz), and beta (12 − 30 Hz) frequency bands. The method of EEG wave train analysis revealed a new effect in the Parkinson's disease [9, 10] . The number of beta (12 − 25 Hz) wave trains in the C3 and C4 cortex areas is significantly decreased (Mann-Whitney, p < 0.02), see Figure 4 . The patients are indicated by red diamonds, and the healthy volunteers are indicated by white circles. Each diamond and each circle correspond to a particular person. The number of wave trains is standardized by the length of EEG record in seconds, because durations of EEG records were slightly different in the subjects. Note that in this test the quantity of the wave trains is considered only, but not the amplitude of the wave trains.
In previous paper [11] , a method of visualization of results of EEG analysis based on ROC curves was described. Let MinFreq, MaxFreq are frequency bounds of a four-dimensional area S in the space of the wave trains. Let MinPower, MaxPower are power bounds of the area S ; MinDurat, MaxDurat are duration bounds of the area S ; and MinBandwidth, MaxBandwidth are bandwidth bounds of the area S . It was calculated a number of wave trains per second located in the area S in every individual patient and healthy volunteer and created histograms of the quantity of the wave trains per second (see an example in Figure 5 ). A statistical difference between the diagrams may indicate that the area S contains wave trains that are typical for Parkinson's disease patients, but not for the control group, or vice versa. Another interesting issue is whether it can be specified a threshold (a limit of the number of the wave trains in the area S ) that separates adequately the histograms, because the presence of such threshold means that the quantity of the wave trains in the area S may be used for the clinical diagnosis of Parkinson's disease. For instance, there is a strong statistical difference between the histograms in the Figure 5 (the Mann-Whitney test, p < 0.009). The diagram demonstrates that a typical number of the wave trains in the control group is about 0.13 per second in the given frequency band. At the same time, a typical number of the wave trains in the patients is about 0.06. Thus, in mathematical terms, the goal of our investigation was searching such areas in the multidimensional space of the wave trains, where AUC differs sufficiently from 0.5 and is approached to 1 or to 0. AUC > 0.5 indicates that the wave trains quantity is greater in the patients than in the healthy volunteers. Similarly, AUC < 0.5 indicates that the wave trains quantity is greater in the control group. An exhaustive search of the values MinFreq, MaxFreq, MinPower, MaxPower, MinDurat, MaxDurat, MinBandwidth, and MaxBandwidth can be implemented to investigate the multidimensional space, but we consider different slices of the space using various 2D and 3D diagrams not to miss any interesting regularities in the space of the wave trains. An example of this analysis is presented in the Figure 6 .
Let us compute AUC values for various frequency ranges. In Figure 6 , Using this method we have revealed three interesting frequency ranges where differences between a Parkinson's disease patient group and a control group were detected [11] . The first range is 7.5 − 9.5 Hz (approximately the mu frequency band), the second is 10.5 − 13.5 Hz (also the mu frequency band), and the third range is 18 − 24 Hz (approximately the beta-2 frequency band). The task of this paper is to check whether the regularities in EEG in the central cortex area in the frequency bands 7.5 − 13.5 Hz (mu) and 18 − 24 Hz (beta-2) are independent. In other words, we have to demonstrate that the beta wave trains observed in the analysis are not the second harmonics of the mu wave trains. In this paper we demonstrate that these regularities in the mu and beta frequency bands are independent ones.
Description of the Algorithm for Beta Wave Trains Elimination
We have developed a special algorithm that eliminates from the analysis all beta wave trains in EEG signal that were observed simultaneously with the mu wave trains. There are four hypothetical cases when the beta wave trains can be observed simultaneously with the mu wave trains (superpositions of the mu wave train and the beta wave train):
1. The time interval of the beta wave train is located inside the time interval of the mu wave train (Figure 7 ). The duration of the beta wave train is smaller than the duration of the mu wave train. 2. The time interval of the mu wave train is located inside the time interval of the beta wave train (Figure 8 ). The duration of the beta wave train is bigger than the duration of the mu wave train. 3. The left end of the beta wave train is intersected with the right end of the mu wave train (Figure 9 ). 4. The right end of the beta wave train is intersected with the left end of the mu wave train (Figure 10 ). The algorithm eliminates all beta wave trains that are intersected in time with any wave trains in the 2 − 14 Hz frequency range. Thus, all four cases are covered by this algorithm. In addition, the algorithm removes extra wave trains to exclude even the hypothetical possibility that the second or third harmonics of theta and mu EEG signals (4 − 12 Hz) are observed in the beta frequency range. This is done because EEG signals are not sine-shaped and the EEG wave train corresponds to a certain frequency band. Therefore, it is fundamentally impossible to predict exactly the frequency bands of the second and third harmonics of the wave trains under consideration.
Below we compare the results of EEG analysis with using and without using this algorithm of the wave train elimination. 
The Experimental Setting
We considered a set of EEG wave trains detected in a group of de novo Parkinson's disease patients and a healthy volunteer group. The group of patients included 17 patients with right hand tremor and 11 patients with left hand tremor in the first stage of Parkinson's disease without Parkinson's disease treatment. The group of healthy volunteers included 15 people.
The ages of the patients were from 38 to 71 years old; the mean age was 60 years old. The ages of the healthy volunteers were from 48 to 81 years old; the mean age was 58 years old. No statistically significant differences between the patients' ages and the volunteers' ages were detected. The amount of the male patients was 11; the amount of the female patients was 17. The amount of the male healthy volunteers was 5; the amount of the female healthy volunteers was 10. The size of the groups is typical for a neurophysiological examination.
The patients were clinically diagnosed according to the standard Hoehn and Yahr scale. All patients and volunteers were right-handed. A standard 10x20 EEG acquisition schema was used for the data collection. A background EEG was recorded in standard conditions. Examined person sat in an armchair relaxing with arms disposing on the armrests and fingers dangling freely from the ends of armrests. The eyes were closed during the recordings. A 41-channel digital EEG system Neuron-Spectrum-5 (Neurosoft Ltd.) was used. The sampling rate was 500 Hz. The 0.5 Hz high-pass filter, the 35 Hz low-pass filter, and the 50 Hz notch filter were used. The duration of every record was about 3 minutes. The record was analyzed as is, without selection of areas in the signal.
In this paper, the C3 and C4 cortex areas are considered only, because these areas approximately correspond to the motor cortex areas and are situated in the scalp area that produces a minimal number of muscle artifacts.
Results of the Analysis and Discussion
Before applying the algorithm of the elimination of beta wave trains intersected with the mu wave trains, no statistically significant differences between quantities of wave trains in the right hand tremor patients and the healthy volunteers in both the C3 and C4 cortex areas were observed (see Figure 11) . Also there were no significant differences between the left hand tremor patients and healthy volunteers (see Figure 12 ). Note that in [9] the Mann-Whitney test revealed significant differences between the data samples. This inconsistency of the results can be explained by the fact that another frequency range is considered in comparison with the previous work [9] (the 18 − 30 Hz frequency range is considered instead of the 12−25 Hz range). In addition, the right hand tremor patients and the left hand tremor patients are separated in present work. The algorithm of wave train detection also has been modified in comparison with the paper [9] . After the processing of the experimental data by the wave trains elimination algorithm, the analysis of the data has confirmed that the beta band regularity does exist in its own. The statistically significant decrease of the beta wave train quantity was observed between the right hand tremor patients and the healthy volunteers in the C3 cortex area (18 − 30 Hz, Mann-Whitney, p < 0.02, see Figure 13 , left). Note that there is no significant difference in the C4 cortex area (see Figure 13 , right), however, there was a statistical trend ( p < 0.19). Thus, we have refined substantially the space and frequency localization of the investigated neurophysiological regularity in comparison with the paper [9] .
The wave trains elimination algorithm decreases the quantity of beta-2 wave trains in all groups (the right hand tremor patients, the left hand tremor patients, and the control group) by approximately 30%. The fact that the statistically significant difference in the quantities of wave trains between the patients and the control group was detected by the Mann-Whitney test after the elimination of coincident mu and beta wave trains indicates that the eliminated wave trains are not a cause of the regularity. On the contrary, these wave trains were a noise that complicates the detection of the regularity.
It is interesting that a new neurophysiological regularity was discovered in the beta-2 frequency band after applying the algorithm. The statistically significant differences of quantities of the beta-2 wave trains were observed between the right hand tremor patients and the left hand tremor patients in both the C3 cortex area (Mann-Whitney, p < 0.03, see Figure 14 , left) and the C4 cortex area (Mann-Whitney, p < 0.02, see Figure 14 , right). The results of the test demonstrate that EEG of the right hand tremor patients and the left hand tremor patients are differed in both hemispheres. Figure 12: The scattering of the quantity of the beta wave trains in the left hand tremor patients and the healthy volunteers in the C3 cortex area (at the left) and in the C4 cortex area (at the right) before applying the algorithm of the elimination of beta wave trains intersected with the mu wave trains. There are no significant differences between the groups. The abscissa is the quantity of wave trains per second in the beta-1 frequency band. The ordinate is the quantity of wave trains in the beta-2 frequency band. The patients are indicated by diamonds and the healthy volunteers are indicated by circles. Figure 13: The scattering of the quantity of the beta wave trains in the right hand tremor patients and the healthy volunteers in the C3 cortex area (at the left) and in the C4 cortex area (at the right) after the processing the experimental data by the wave trains elimination algorithm. There is a significant difference between the groups at the left, but there is no significant difference between the groups at the right. The abscissa is the quantity of wave trains per second in the beta-1 frequency band. The ordinate is the quantity of wave trains per second in the beta-2 frequency band. The patients are indicated by diamonds and the healthy volunteers are indicated by circles.
Conclusions
A new method of signal processing and analysis for detailed investigation of time-frequency dynamics of the cortex electrical activity is developed. A distinctive feature of the method is a possibility to separate and analyze a specified set of wave trains in EEG signals. The results of the research give evidence that EEG analysis method based on the wave trains is prospective for:
• Looking for group statistical regularities in the early stages of Parkinson's disease that gives a basic knowledge about the disease and compensatory mechanisms in the brain cortex.
• Searching EEG features that are prospective for the early stages of Parkinson's disease diagnostics.
Using a special algorithm, we have demonstrated that a neurophysiological regularity discovered in the beta frequency band of EEG signals [9] is not an artifact caused by another regularity observed in the mu frequency band. In the course of the investigation, also, another neurophysiological regularity is discovered in the beta frequency band. The results of the analysis indicate that the right hand tremor patients and the left hand tremor patients differed in both hemispheres. This may be evidence that right hand tremor and left hand tremor Parkinson's disease patients must be diagnosed in different ways. Probably different approaches are necessary for treatment of the left hand tremor and right hand tremor patients as well. Figure 14: The scattering of the quantity of the beta wave trains in the right hand tremor patients and the left hand tremor patients in the C3 cortex area (at the left) and in the C4 cortex area (at the right) after the processing the experimental data by the wave trains elimination algorithm. There is a significant difference between the groups. The abscissa is the quantity of the wave trains per second in the beta-1 frequency band. The ordinate is the quantity of the wave trains in the beta-2 frequency band. The right hand tremor patients are indicated by triangles and the left hand tremor patients are indicated by squares.
